Introduction {#bhy348s1}
============

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by difficulties in social interactions and communication, and restricted interests and repetitive behaviors ([@bhy348C2]). Studies in typically developing (TD) and clinical populations have associated social skills with structural properties of white matter tracts, including the uncinate fasciculus (UF), arcuate fasciculus (AF), inferior longitudinal fasciculus (ILF), and superior longitudinal fasciculus (SLF) ([@bhy348C22]; [@bhy348C9]; [@bhy348C26]; [@bhy348C19]). It has therefore been hypothesized that structural alterations in these tracts may be related to social impairment in ASD.

Supporting this hypothesis, studies using diffusion tensor imaging (DTI) tractography and voxel-based analyses (VBA) in ASD have shown decreased fractional anisotropy (FA) and increased mean diffusivity (MD) in tracts related to social processing ([@bhy348C6]; [@bhy348C1]; [@bhy348C16]). Abnormalities are frequently reported in the UF, AF, cingulum, corpus callosum (CC), ILF, SLF, and inferior fronto-occipital fasciculus (IFOF) (for reviews see [@bhy348C1] and [@bhy348C40]). DTI metrics are sensitive to various microstructural characteristics however, therefore the specific pathology underlying these findings is unknown. A recent postmortem ([@bhy348C44]) study suggests that axonal density may be reduced in ASD, which could explain commonly reported FA decreases.

DTI findings are not always consistent however; a recent meta-analysis showed that there is high variability across studies, in terms of both the location and direction of group differences ([@bhy348C1]). While this variability may reflect heterogeneity among individuals with ASD, it may also be due in part to methodological challenges associated with DTI. Specifically, the inability to resolve multiple fiber orientations in regions of crossing/kissing fiber geometry may contribute to unreliable estimates of FA and MD in these regions ([@bhy348C20]). Higher-order diffusion models and tract-specific metrics with greater structural-specificity may help to resolve some of the ambiguity surrounding white matter abnormalities in ASD and how they relate to social impairments.

Fixel-based analysis (FBA; [@bhy348C34]), a recently developed analytic framework that facilitates measurement and statistical analysis of micro- and macro-structural metrics within "fixels" (specific fiber-bundle populations within a voxel ([@bhy348C30]) could be used to resolve some of the inconsistencies in the research literature. FBA typically utilizes the fiber orientation distributions (FODs) estimated using constrained spherical-deconvolution (CSD) techniques ([@bhy348C38]), that are capable of resolving multiple fiber-bundle populations within a voxel, thereby making it possible to calculate metrics that are tract specific. These metrics include fixel-wise fiber density (FD), fiber cross-section (FC), and a combined metric, fiber density and cross-section (FDC), which are arguably of greater structural-specificity and more easily interpretable than traditional voxel-wise DTI metrics ([@bhy348C34]). FBA could therefore provide novel insight into white matter abnormalities in ASD and how they relate to social impairment.

The aim of this study was to utilize FBA to assess fixel-specific white matter measures in ASD and to determine if these white matter properties are associated with social impairment. Considering postmortem findings of reduced axonal density ([@bhy348C44]), and DTI findings of reduced FA in tracts related to social processing in ASD ([@bhy348C6]; [@bhy348C1]; [@bhy348C16]), we hypothesized that relative to healthy controls, participants with ASD would have reduced FD in white matter fiber bundles that have been previously implicated in social function. We further hypothesized that reduced FD in these fiber bundles would correlate with social impairment in participants with ASD. In order to compare FBA results with commonly used DTI metrics, we also conducted VBA to look at group differences in FA and MD, and associations between these metrics and social impairment.

Materials and Methods {#bhy348s2}
=====================

Participants {#bhy348s3}
------------

We collected MRI data from 27 participants with ASD and 31 TD participants between the ages of 14 and 20 years (Table [1](#bhy348TB1){ref-type="table"}), who participated in a larger study ([@bhy348C10]). Exclusion criteria were contraindications to MRI and a history of neurological or psychiatric symptoms for the TD participants, though one TD participant was included who self-reported dyslexia. Seven participants with ASD reported one or more co-occurring diagnoses, and 6 participants with ASD were taking one or more psychoactive medication at the time of data collection (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). All participants with ASD were administered the autism diagnostic observation schedule, second edition (ADOS-2; [@bhy348C24]) by a research reliable rater, and scored at or above the cut-off for ASD. Due to technical issues, we did not acquire diffusion-weighted images (DWI) for one participant with ASD and for one TD participant. We excluded one participant with ASD due to data quality and 3 TD participants due to missing IQ and handedness data (described in more detail below). The final sizes of the ASD and TD groups were therefore 25 participants with ASD and 27 TD participants. Written informed consent was obtained from all participants over the age of 18 years and assent with parental consent was obtained from participants younger than 18. The study procedures were approved by the University of Calgary Conjoint Health Research Ethics Board. Table 1.Group comparison of participant characteristics: SD = Standard deviation; ICV = Intra-cranial volume; SRS-2 = Social Responsiveness Scale---second edition; PRI = Perceptual Reasoning Index; ∗ indicates significant group difference in independent sample *t*-test (*P*\< 0.05)ASD (*n* = 25)TD (*n* = 27)MeanSDMeanSD*T*-statisticChi-square*P*-valueSex (M:F)21:421:6--0.3240.569Handedness (R:L)22:325:2--0.3150.575Age (years)16.82.2616.92.07−0.13--0.901ICV (cm^3^)1547.2152.41567.3148.3−0.48--0.632SRS-275.88.5643.64.6117.1--\<0.001\*FSIQ91.617.010911.9−4.47--\<0.001\*VIQ85.916.310911.4−5.92--\<0.001\*PRI99.817.010913.3−2.19--0.034\*

Cognitive and Neuropsychological Assessments {#bhy348s4}
--------------------------------------------

Social functioning was assessed using the Social Responsiveness Scale, Second Edition (SRS-2; [@bhy348C11]), which is a valid measure to assess social impairment in children with and without ASD. For our analyses, we used the age-standardized SRS-2 Total *T*-Score (subsequently referred to simply as "SRS-2 scores") as an index of social impairment, with higher scores indicating greater social deficit. Participants were asked about their handedness and completed an IQ assessment. These were used as covariates in our models. To assess IQ, we utilized the Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II; [@bhy348C42]), which provides measures for verbal, perceptual, and full-scale IQ. To control for group differences in IQ in statistical analyses, we utilized the Perceptual Reasoning Index (PRI) subscale of the WASI-II. The PRI assesses non-verbal fluid abilities, which have been suggested to capture intellectual functioning in individuals with ASD more accurately, as compared with measures that demand verbal skills ([@bhy348C28]).

MRI Data Acquisition {#bhy348s5}
--------------------

MRI data were acquired on a 3 T GE MR750w (Waukesha, WI) scanner at the Alberta Children's Hospital using a 32-channel head coil. MRI data included DWIs and a structural T1-weighted image, both acquired while participants watched a video of their choice. DWIs were acquired via a 2D spin echo EPI sequence (*b* = 2000 s/mm^2^, 30 diffusion-weighted directions, 5 interspersed b0 images, 2.2 mm isotropic voxels, 50 slices, 22 × 22 cm FOV, TE = 88.0 ms, TR = 12000 ms). A 3D BRAVO sequence (flip angle: 10°, 24 × 24 cm FOV, TI = 600, 0.8 mm isotropic voxels) was used to acquire structural images.

Structural Image Processing {#bhy348s6}
---------------------------

Structural T1-weighted images were utilized in DWI EPI-susceptibility distortion correction, and to calculate intra-cranial volume (ICV) for use as a nuisance covariate in statistical analysis. It is generally recommended to include ICV as a covariate in FBAs of structural metrics to account for relative differences in head size, which may vary between groups and can potentially influence structurally related fixel-based white matter metrics. T1-weighted images were bias field corrected ([@bhy348C41]) prior to use. To calculate ICV, we first segmented the structural image into white matter, gray matter, and cerebrospinal fluid components in SPM12 (<https://www.fil.ion.ucl.ac.uk/spm/software/spm12/>; last accessed January 4, 2019). The values in these images were then summed and the resulting value was multiplied by the image voxel size (0.8 × 0.8 × 0.8 mm) to get ICV in cm^3^.

DWI Pre-processing {#bhy348s7}
------------------

To mitigate effects of head motion, we utilized recently-released updates to state-of-the-art DWI pre-processing ([@bhy348C5]) provided in FSL*(*<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/>; last accessed January 4, 2019), including replacement of slice-wise signal dropout ([@bhy348C4]) and within-volume motion correction ([@bhy348C3]). Diffusion-weighted volumes for which more than 10% of slices were classified as containing signal dropout were removed from the data, and subjects for whom more than 10% of volumes were removed were excluded from the study (resulting in exclusion of one participant with ASD). Following initial pre-processing, we performed bias field correction ([@bhy348C41]) and upsampled DWI data to 1.25 mm isotropic. We then calculated FODs for each participant via single-shell 3-tissue constrained spherical-deconvolution (SS3T-CSD) using a group averaged response function for each tissue type (gray matter, white matter, and CSF) ([@bhy348C33]; [@bhy348C14]; [@bhy348C12]). We then performed global intensity normalization on subjects' FOD images to make FOD amplitudes comparable across participants ([@bhy348C29]). Lastly, we performed EPI-susceptibility distortion correction via non-linear registration (constrained to the phase-encoding direction) of participants' DWIs and T1-weighted structural images, guided by a pseudo-T1-weighted contrast estimated from SS3T-CSD ([@bhy348C12], [@bhy348C13]). Except for initial motion pre-processing performed in FSL, all subsequent pre-processing and analysis steps were conducted in *MRtrix3 (*[www.mrtrix.org](www.mrtrix.org); last accessed January 4, 2019). A schematic of the methodological approach utilized in this study is provided in Figure [1](#bhy348F1){ref-type="fig"}.

![Methods schematic. Visual overview of the processing steps involved in the fixel- and voxel-based analyses utilized in the study. Processing steps specific to the fixel-based analysis are shown on the left panel, while those specific to the voxel-based analysis are shown on the right panel. The center panel depicts steps involved in both analyses. DWIs = diffusion-weighted images; FOD = fiber orientation distribution; FA = fractional anisotropy; MD = mean diffusivity; FD = fiber density; FC = fiber cross-section; FDC = fiber density and cross-section; FBA = fixel-based analysis; VBA = voxel-based analysis.](bhy348f01){#bhy348F1}

Fixel Metrics {#bhy348s8}
-------------

Processing steps for FBA included: generating a study specific FOD template ([@bhy348C32]); registration of subject FODs into template space to achieve spatial correspondence ([@bhy348C31]); segmentation of both the subject's warped FODs and the FOD template image to identify the number and orientation of fixels in each voxel ([@bhy348C36]); and finally, identification of fixel correspondence between subjects and the template, such that template fixels have subject-wise fixel metrics assigned to them.

Within this pipeline, 3 fixel-based metrics were calculated for analysis: *Fiber density (FD)*, or apparent fiber density ([@bhy348C33]), is a metric related to the restricted intra-axonal diffusion compartment. FD is calculated as the integral of a given fixel's FOD and is proportional to the intra-axonal volume of fiber bundles aligned with that fixel ([@bhy348C33]).*Fiber cross-section (FC)*, is a relative measure of individual differences in fiber-bundle diameter, and is calculated as the extent of distortion perpendicular to a given fixel's orientation that is required to warp a subject's FOD image into template space ([@bhy348C34]).*Fiber density and cross-section (FDC)*, is the product of FD and FC, which is computed to assess combined changes to both micro- and macro-structures.

For an in-depth description of the FBA pipeline and associated metrics, see ([@bhy348C34]).

Voxel Metrics {#bhy348s9}
-------------

To compare results from fixel-based metrics to more commonly reported voxel-wise metrics such as FA and MD, we additionally conducted a VBA. Following DWI pre-processing as described above, we utilized the diffusion tensor model to calculate FA and MD maps for each subject. These maps were then warped into the same study template space utilized in the FBA. Maps were smoothed using a 5.5 mm FWHM Gaussian smoothing kernel.

Template-based Tractography and Analysis Masks {#bhy348s10}
----------------------------------------------

A whole-brain tractogram was generated both for use in FBA statistical enhancement, and to define analysis masks for our FBA and VBA. This tractogram was generated via probabilistic tractography upon the FOD template, seeding randomly within the brain until 20 million streamlines were delineated (tractography parameters: step size = 0.625 mm, max angle between steps = 22.5°, min/max fiber length = 10 mm/250 mm, cut-off FOD amplitude = 0.1). The tractogram was then reduced to 2 million streamlines via the spherical-deconvolution informed filtering of tractograms (SIFT) algorithm ([@bhy348C36]).

To improve statistical power, we limited our analysis to major white matter bundles in which abnormalities have been previously reported in ASD ([@bhy348C40]; [@bhy348C1]); these included the cingulum, AF, SLF, ILF, IFOF, and UF bilaterally, as well as the CC. Using manually-defined inclusion and exclusion ROIs, we extracted these fiber bundles individually from the template tractogram (see [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for details). The streamlines corresponding to these bundles of interest were then concatenated together and used to generate a fixel analysis mask that included only those fixels through which at least 5 streamlines passed and that had an FOD amplitude of at least 0.1. This fixel mask was subsequently used to define a voxel mask that included only those voxels containing at least one fixel in the fixel mask. The resulting FBA and VBA masks are shown in Figure [2](#bhy348F2){ref-type="fig"}A--B, while the tracts utilized in creating these masks are shown in Figure [2](#bhy348F2){ref-type="fig"}C.

![Analysis masks and tracts. (A) Voxel analysis mask visualized as a red overlay on 2D slices of the study template FOD image. (B) Fixel analysis mask overlaid onto a 2D sagittal slice of the study template FOD image (center), with fixels depicted as black lines. Windows to the left and right show zoomed in images of the regions enclosed in white squares within the central window. (C) Tracts that were utilized in defining the analysis masks (cingulum, AF, SLF, ILF, IFOF, UF, and corpus callosum), visualized as 3D streamlines within 2D slices of the study template FOD image. Streamlines are colored by direction: red = left--right; green = anterior--posterior; blue = superior--inferior.](bhy348f02){#bhy348F2}

In addition to FBAs and VBAs, we also performed tract-wise and global white matter (GWM) averaged analyses of the quantitative measures of interest. For each tract of interest, we generated individual fixel and voxel masks from the delineated streamlines bundles using the same criteria as described above; within each tract of interest, the mean value of the measure of interest (i.e. FD, FC, FDC, FA, MD) for each subject was then calculated. Finally, the mean value of each parameter of interest throughout all fixels and corresponding voxels in the brain that had an FOD amplitude of 0.1 or above was additionally calculated for each subject as a GWM summary measure.

Head-motion Assessment {#bhy348s11}
----------------------

Head motion during DWI acquisition is prevalent in individuals with ASD and can confound group comparisons of white matter properties ([@bhy348C21]; [@bhy348C43]; [@bhy348C37]). To quantify and control for potential residual influence of head motion on statistical analyses, we calculated several motion metrics to be compared across groups and used as covariates in statistical analyses, if group differences were present. These metrics were calculated from output of FSL pre-processing steps, and included: (1) excluded volumes, the total number of volumes that were removed due to motion--corruption; (2) total dropout slices, the total number of slices across all volumes classified as containing signal dropout; (3) average dropout slices, the average number of dropout slices per volume in volumes that contained at least one dropout slice; (4) mean translation (in mm) and (5) mean rotation (in degrees), calculated as the average of the translational and rotational registration parameters in registering each DWI slice to the b0 image; and (6) frame-wise displacement, calculated as the average of all registration parameters, after converting the rotational parameters from degrees to millimeters about a 50-mm sphere ([@bhy348C27]). These metrics were compared between groups in SPSS 24 ([@bhy348C18]). All except total dropout slices were non-parametrically distributed; therefore, Mann--Whitney *U*-tests were utilized to compare these metrics. Total dropout slices was the only motion metric that was significantly different between groups ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}); it was therefore included as a nuisance covariate in group comparisons of white matter metrics.

Statistical Analysis {#bhy348s12}
--------------------

Independent-sample *t*-tests were utilized to compare age, ICV, full-scale IQ, verbal IQ, PRI, and SRS-2 scores between groups, while Chi-square tests were utilized to compare handedness and sex. These tests were conducted in SPSS 24 ([@bhy348C18]).

For FBA and VBAs, general linear models (GLM) were utilized to compare fixel-wise FD, FC, and FDC, as well as voxel-wise FA and MD between groups, controlling for age, sex, handedness, ICV, total dropout slices, and PRI. GLM regressions were utilized to assess associations between white matter metrics and SRS-2 scores in participants with ASD. For FBAs, connectivity-based smoothing and statistical inference were conducted using the connectivity-based fixel enhancement (CFE) method ([@bhy348C30]), which performs permutation-based statistical inference of fixel-wise quantitative measures in the presence of crossing fibers. For VBAs, statistical inference was also performed using non-parametric permutation testing, but using the threshold-free cluster enhancement (TFCE) method ([@bhy348C35]). In both analyses, we used family-wise error (FWE) correction for multiple comparisons, with statistical significance at *P* \< 0.05.

To compare tract-wise mean FD, FC, FDC, FA, and MD across groups, as well as the GWM averaged measures, we conducted a series of ANCOVAs in SPSS 24 ([@bhy348C18]), while controlling for age, sex, handedness, ICV, total dropout slices, and PRI. To look for associations between tract-wise means and SRS-2 scores in participants with ASD, we conducted a series of Spearman correlations. Here, we used false discovery rate (FDR) to correct for multiple comparisons, with statistical significance set at *q* \< 0.05. FDR was utilized to correct for 14 comparisons (6 bilateral tracts + the CC and GWM measure) within each metric.

Finally, to account for potential influence of comorbidities and psychoactive medication, we conducted all aforementioned analyses again with a subsample of participants, in which we excluded participants with ASD who had a diagnosed comorbidity, or who were suspected of having an undiagnosed comorbidity based on a prescribed psychoactive medication. Based on these criteria, 9 participants with ASD were excluded from the subsample, leaving 16 participants with ASD, and 27 TD participants (see [Supplementary Table S4](#sup1){ref-type="supplementary-material"} for details).

Results {#bhy348s13}
=======

Demographics {#bhy348s14}
------------

The 2 groups were not significantly different in terms of sex, handedness, age, or ICV, though participants with ASD had higher SRS-2 scores, and lower PRI scores relative to TD participants (Table [1](#bhy348TB1){ref-type="table"}).

Group Comparisons {#bhy348s15}
-----------------

FBA showed that participants with ASD had decreased FD relative to the TD participants in several fixels within the CC, as well as in the IFOF bilaterally (Fig. [3](#bhy348F3){ref-type="fig"}A). In the CC, reduced FD was found in a segment of the splenium in the right hemisphere and within branches extending into the frontal cortex bilaterally. Within the IFOF, significantly reduced FD was found in fixels along the full length of the tracts bilaterally, with a more spatially-extensive difference in the right hemisphere. Percent reductions in FD were greatest for fixels in the frontal branches of the CC (Fig. [3](#bhy348F3){ref-type="fig"}B). We found no group differences in fixel-wise FC or FDC. VBA showed no group differences in FA or MD.

![Reduced fixel-wise fiber density in participants with ASD compared with typical controls. Fixels in which fiber density was reduced in participants with ASD relative to controls, visualized as 3D fixels overlaid onto a 3D brain image of the study template FOD. (A) Fixels are colored by direction: red = left--right; green = anterior--posterior; blue = superior--inferior. (B) Fixels are colored by percent reduction in fiber density relative to the typically developing (TD) controls.](bhy348f03){#bhy348F3}

Consistent with the hypothesis driven approach to this study, fixel- and voxel-based analyses were restricted to white matter regions believed to house abnormalities in ASD. However, considering this approach might miss group differences in regions outside of our analysis mask, we conducted follow-up analyses in which we compared structural metrics between groups at every fixel/voxel in the brain. Results of these follow-up analyses revealed similar findings to those seen with our spatially restricted mask; FD was reduced in the right IFOF and in segments of the CC, and there were no group differences in FC, FDC, FA, or MD.

Similar to the FBA results, in our tract-wise analysis we found reduced FD in the CC, though reductions in the left and right IFOF fell below significance (uncorrected *P* = 0.027, *q* = 0.054 and uncorrected *P* = 0.031, *q* = 0.054, respectively). We also found significantly reduced FD in the right AF and right UF, as well as trendline reductions in the left UF (uncorrected *P* = 0.028, *q* = 0.054) and right SLF (uncorrected *P* = 0.043, *q* = 0.0758). GWM-FD was also reduced in participants with ASD. This global reduction, alongside significant and trendline reductions in several major white matter tracts, suggests reduced FD may be a GWM property in participants with ASD. These reductions all had a moderate effect size, though the effect was strongest in the right UF, and weakest in the GWM (Fig. [4](#bhy348F4){ref-type="fig"}; [Supplementary Table S5](#sup1){ref-type="supplementary-material"}). There were no significant differences in tract-wise or GWM-FC, FDC, FA, or MD.

![Reduced tract mean fiber density in participants with ASD compared with typical controls. Individual participant mean FD values for tracts in which average FD was reduced in individuals with ASD relative to controls. ∗ indicates tracts that were significantly different after FDR correction (*q* \< 0.05). CC = corpus callosum; R-AF = right arcuate fasciculus; R-UF = right uncinate fasciculus; GWM = global white matter.](bhy348f04){#bhy348F4}

Social Impairment Correlations {#bhy348s16}
------------------------------

In the participants with ASD, a negative association was found between SRS-2 scores and FD of fixels within the splenium of the CC, extending through the optic radiata towards the occipital lobe (Fig. [5](#bhy348F5){ref-type="fig"}). No significant associations were found between SRS-2 scores and fixel/voxel-wise FC, FDC, FA, or MD. In tract-wise and GWM analyses, no significant associations were found between SRS-2 scores and GWM or tract-wise FD, FC, FDC, FA, or MD.

![Negative correlation between fixel-wise fiber density and social impairment in participants with ASD. Fixels in which fiber density correlated negatively with SRS-2 scores in participants with ASD, visualized as 3D fixels overlaid onto a 2D slice of the study template FOD image. Fixels are colored by direction: red = left--right; green = anterior--posterior; blue = superior--inferior.](bhy348f05){#bhy348F5}

Analyses in Participants Without Comorbidities or Medications {#bhy348s17}
-------------------------------------------------------------

To ensure our results were not confounded by effects of comorbidities and psychoactive medication, we conducted statistical analyses with a subsample of participants, excluding those with comorbidities, or prescribed psychoactive medication.

Similar to findings with the full study sample, in our FBA we found that participants with ASD had reduced FD in the IFOF bilaterally, as well as in the genu of the CC ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). No group differences were found with any of the other fixel- or voxel-wise metrics.

Group comparison of tract-means also revealed similar findings to those found in the full study sample. We found that mean FD was reduced in the right AF, right UF, L-IFOF, and in the CC, with trendline reductions in GWM-FD ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}). There were no significant differences in tract-wise or GWM-FC, FDC, FA, or MD.

Finally, we tested for an association between SRS-2 scores and white matter metrics at the fixel-, voxel-, and tract-wise basis, however no significant associations were found in our subsample of participants with ASD.

Discussion {#bhy348s18}
==========

In this study, we sought to determine if there were tract-specific differences in white matter FD, FC, and FDC between individuals with ASD and TD controls, and whether these properties were related to social impairment in individuals with ASD. We found reduced FD of fixels in the splenium and genu of the CC, and IFOF bilaterally in individuals with ASD. We also found that mean FD was reduced in the CC, right AF, right UF, and in white matter as a whole. In participants with ASD, reduced FD of fixels in the splenium of the CC was associated with greater social impairment. Notably, we found no group differences in, or social impairment associations with, FA or MD. To the best of our knowledge, this is the first application of FBA to investigating white matter abnormalities in ASD. Our findings provide evidence that reduced FD may be the primary microstructural white matter abnormality in individuals with ASD.

Our findings of reduced FD in the CC and IFOF at the fixel level, as well as reductions in mean FD of the CC, right AF and right UF in ASD suggest that there is decreased intra-axonal volume of specific white matter tracts, potentially reflecting a reduction in the number of axons. Reduced axonal density in ASD has been previously suggested by both diffusion imaging ([@bhy348C23]) and postmortem ([@bhy348C44]) studies, reporting decreased axonal water fraction (a measure comparable to the FD metric used here), and fewer large-caliber axons in individuals with ASD, respectively. Previous DTI studies have also found evidence for microstructural abnormalities in the CC ([@bhy348C9]; [@bhy348C26]; [@bhy348C6]; [@bhy348C16]), IFOF ([@bhy348C25]; [@bhy348C19]), UF ([@bhy348C9]; [@bhy348C26]; [@bhy348C8]), and AF ([@bhy348C22]; [@bhy348C6]), which is broadly neuroanatomically consistent with our findings. However, findings from DTI can be challenging to interpret as metrics are quantified at the voxel level and therefore cannot be easily attributed to specific fiber-bundles, such as those traversed by the IFOF ([@bhy348C20]). Our fixel-wise results help to consolidate DWI evidence of microstructural abnormalities in these tracts by demonstrating fiber-bundle specific differences in crossing fiber regions in ASD.

In addition to tract-specific reductions in FD, we also found that GWM-FD was reduced in participants with ASD, though to a lesser extent as compared to that of reductions in specific fiber bundles. This suggests that while reductions in axonal count may be more prominent in specific white matter fiber bundles, this may be a global property of white matter tracts in ASD. Interpretation of these findings as evidence of a global reduction, rather than being driven by reductions in select tracts, is supported by our finding of trendline reductions in several white matter fiber bundles, and in considering that the global metric was calculated across \~8 times as many fixels as in the FBA mask. The notion of a global reduction in white matter microstructure in ASD is consistent with DTI evidence of widespread FA reductions and MD increases in ASD participants ([@bhy348C40]; [@bhy348C1]). Interestingly however, we found no group differences in voxel- or tract-wise FA or MD in the current study. There are multiple possible reasons for this. For example, results of DTI studies in ASD are known to be influenced by cohort age ([@bhy348C17]) and head-motion confounds ([@bhy348C21]; [@bhy348C43]; [@bhy348C37]; [@bhy348C7]). Our diffusion-weighted imaging data was also acquired at a higher *b*-value than is commonly used in DTI studies, which may have been a factor. Regardless, the fact that we found differences in FD but not FA or MD suggests that FBA metrics may be more sensitive to the white matter abnormalities present in ASD.

In addition to applying FBA to detect white matter abnormalities in ASD, we also sought to determine if these abnormalities had a linear relationship with social impairment. We found that reduced FD of the splenium of the CC in individuals with ASD was associated with greater social impairment. CC abnormalities are one of the more consistently reported white matter findings in ASD ([@bhy348C40]), as are abnormalities in the uncinate and arcuate fasciculi ([@bhy348C1]), which were also found to have reduced FD in our study. Numerous diffusion imaging studies have linked behavioral symptoms to white matter abnormalities in ASD ([@bhy348C9]; [@bhy348C26]; [@bhy348C25]; [@bhy348C19]), some of which have found associations in regions that co-localize with our findings. Abnormalities in the CC, IFOF, and UF have been related to deficits in social skills ([@bhy348C45]; [@bhy348C47]), visuospatial skills and processing speed ([@bhy348C25]), and communication and interaction difficulties ([@bhy348C26]), respectively. It is possible that beyond the relationship between splenium FD and social impairment reported here, reduced FD in the CC, IFOF, and UF may be related to deficits in these cognitive and behavioral functions, which have been implicated in ASD.

Strengths of the current study include the use of FBA to investigate tract-specific white matter abnormalities, as well as a thorough assessment of head motion and application of both correction and regression to mitigate potential confounding effects. This study does however have several limitations. First, diffusion data were collected for a single non-zero *b*-value only (so called "single-shell" data), with a relatively low-angular resolution (30 directions) and limited diffusion-weighting (*b*= 2000 s/mm^2^) compared with what is typically recommended for the CSD model ([@bhy348C39]) and quantification of apparent FD ([@bhy348C33]). To mitigate this, we utilized the state-of-the-art Single-Shell 3-Tisssue CSD (SS3T-CSD) method ([@bhy348C12]) that additionally takes into account the presence of other tissue types such as gray matter-like tissues ([@bhy348C15]), which would otherwise still have a significant contribution to the diffusion signal at this level of diffusion-weighting. Second, as part of our pre-processing pipeline, we removed DWI volumes that were deemed to be severely corrupted by motion. While the impact of omitting DWI volumes on FBA metrics is unknown, discarding DWI volumes has been shown to influence FA, with increasingly detrimental effects with more rejected volumes ([@bhy348C46]). However, considering volumes were only rejected for a handful of subjects (\~15%), with no more than 3 volumes rejected per subject, and there was no significant difference between groups in the number of volumes excluded, such volume rejection is unlikely to have greatly influence our results. Third, our study sample included participants with comorbidities and participants who were taking psychoactive medications at the time of data collection. To examine the potential influence of these factors, we conducted analyses with and without these participants included. Excluding these participants did not influence the results of our group comparisons, however the association between social deficits and splenium FD did not reach statistical significance in our subsample of participants with ASD. While we suspect this was the result of decreased statistical power rather than confounding effects of comorbid diagnoses and medication, future studies will be necessary to resolve these findings.

In sum, the aim of this study was to utilize FBA to assess white matter FD and cross-section FC in ASD and to determine if these white matter properties are related to severity of social impairment. Here, we report reductions in FD, suggestive of decreased axonal count, in white matter as a whole and within specific white matter fiber bundles, including the CC where reduced FD of the splenium was associated with greater social impairment in individuals with ASD. This suggests that FD may be a sensitive marker for atypical white matter in ASD. Collectively, our results provide novel insight into the biological underpinnings of white matter abnormalities in ASD and their relationship with core disorder symptoms, suggesting decreased axonal count may be the primary white matter abnormality.
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